The phototransduction cascade is perhaps the best understood model system for G protein-coupled receptor (GPCR) signaling. Phototransduction links the absorption of a single photon of light to a decrease in cytosolic cGMP. Depletion of the cGMP pool induces closure of cGMP-gated cation channels resulting in the hyperpolarization of photoreceptor cells and consequently a neuronal response. Many biochemical and both low-and highresolution structural approaches have been utilized to increase our understanding of rhodopsin, the key molecule of this signaling cascade. Rhodopsin, a member of the GPCR or seven-transmembrane spanning receptor superfamily, is composed of a chromophore, 11-cis-retinal that is covalently bound by a protonated Schiff base linkage to the apo-protein opsin at Lys 296 (in bovine opsin). Upon absorption of a photon, isomerization of the chromophore to an all-trans-retinylidene conformation induces changes in the rhodopsin structure, ultimately converting it from an inactive to an activated state. This state allows it to activate the heterotrimeric G protein, transducin, by triggering nucleotide exchange. To fully understand the structural and functional aspects of rhodopsin it is necessary to critically examine crystal structures of its different photointermediates. In this review we summarize recent progress on the structure and activation of rhodopsin in the context of other GPCR structures.
INTRODUCTION
The process of phototransduction couples the absorption of light to a structural change which initiates a signaling cascade that culminates in visual perception. Briefly, phototransduction is initiated with absorption of a photon by the chromophore 11-cis-retinal that is covalently linked to the G protein-coupled receptor (GPCR) known as opsin. Isomerization of 11-cis-retinal to all-trans-retinal converts an inverse agonist to full agonist and produces a conformational change in the opsin and consequent activation of the coupled heterotrimeric G protein, transducin (1) . The G ta subunit of transducin binds to and activates a phosphodiesterase which depletes levels of cGMP. This depletion induces closure of cGMP-gated cation channels and hyperpolarization of photoreceptor cells, leading to a decrease in glutamate neurotransmitter release (2) . This decrease in glutamate signaling is detected by secondary neurons and ultimately results in the perception of a visual signal within the brain.
Beginning with the determination of the complete primary sequence of bovine rhodopsin in 1983, it was possible to assign secondary structural elements to the protein based on hydrophobicity plots (3, 4) . From this early work, a 2-D model of rhodopsin with seven transmembrane helices was derived (3, 4) . Later work involving 2-D crystals further extended these models into three dimensions (5-7). As early as 1990, there were reports of rhodopsin crystals, but technological limitations precluded data collection and structure determination (8, 9) . With the advent of cryo-crystallography, the availability of synchrotron X-rays and the growth and analysis of new rhodopsin crystals, it became possible to determine the crystal structure of rhodopsin (10) . This advance permitted the placement of a huge volume of biochemical and biophysical data into a structural context (11) (12) (13) . The initial rhodopsin structure was critical for the determination of all subsequent rhodopsin and adrenergic receptor structures as the structure or a derivative thereof served as a molecular replacement model used to solve these structures (10, (14) (15) (16) (17) .
Structural studies of rhodopsin and the fit of prior biochemical and biophysical studies within this structural framework have been extensively reviewed (1, (18) (19) (20) . For example, after the determination of the rhodopsin structure it was possible to place the EPR studies of rhodopsin activation into context (21) . While initial EPR studies suggested that ''rigid body movements'' of helix-VI on the order of >10 Å occurred upon activation of rhodopsin, this movement has since been revised to 6 Å (22,23). It must be noted that these measurements involving EPR or DEER spectroscopy estimate single pair wise distances between covalently attached spin labels in heterologously expressed proteins and that a rotation of an EPR probe by as little as 30°can increase the measured distance between spin labels by 6-10 Å , which is within the revised measurements for activation of rhodopsin.
analysis of GPCRs that simultaneously reveals all atomic positions within the protein is X-ray crystallography. The protein within these crystals is fully hydrated and surrounded by detergent and ⁄ or lipid as a membrane mimetic. The environment in which the protein exists in these crystals may approximate some aspects of the protein within the physiological membrane. For example, the protein density within rhodopsin crystal structures is only twice that of rhodopsin in its physiological membrane and crystal contacts seen in crystal structures may recapitulate the crystalline arrays seen in atomic force microscopy (AFM) images of the rod outer segment membrane (15, 24, 25) .
Any detailed examination of crystal structures should not ignore the fact that such structures by their very nature ''freeze'' a thermodynamic minima which may not fully represent the state(s) present in solution. This is not to say that crystal structures are not representative of actual states in which proteins exist, just that crystal structures must be considered in the context of other biochemical and biophysical evidence to understand their biological relevance. When making conclusions about any data, it is important to consider the precision of the measurement; this holds true for both crystallography as well as for EPR ⁄ DEER spectroscopy. While EPR and DEER experiments can give pairwise distances which are precise to within ±3 Å , X-ray crystal structures can yield more precise measurements (Table 1) (26, 27) . Furthermore, the fact that structural factors now are deposited along with atomic coordinates allows independent analysis of published structures and this can yield alternate interpretations that may improve the quality of protein models (28, 29) .
ANALYSIS OF RHODOPSIN CRYSTAL STRUCTURES
Fifteen bovine rhodopsin (or opsin) crystal structures now have been determined and published. These include rhodopsin in the ground state, rhodopsin containing the non-native chromophore 9-cis-retinylidene (isorhodopsin) in the ground state, two early photointermediates, regenerated mutant rhodopsin produced in cell culture, a photoactivated structure as well as the apo-protein opsin ( Fig. 1) (10, 15, 28, (30) (31) (32) (33) (34) (35) . In addition to the above bovine rhodopsin structures, the crystal structure of squid rhodopsin has been determined independently by two groups (36, 37) . Comparisons between these structures reveal large differences in the C-III loop but these differences do not *DPI is a stringent measure of the certainty of atomic positions within an X-ray structure and indicates the minimal significant difference between two structures. †DPI is calculated as follows: dpi = 1*(N i ⁄ N obs )
R free d min where N i is the number of fully occupied sites within the asymetric unit, N obs is the number of observations, and C is the completeness of the dataset.
‡Structural precision (DPI) was calculated using the electron density server (EDS) if possible (27) . For 3CAP and 2I37 the program SFC HECK was used because the EDS fails to calculate maps for 2I37 and 3CAP. For 1U19, the program ESCET was used as there are no structure factors deposited (53) . Interestingly, the re-refinement of the 1GZM structure in the higher symmetry space group p6 4 was able to significantly increase the certainty of atomic positions (from 0.83 to 0.26). These numbers should be taken into account when making hypotheses based on distance measurements of the structures. The Meta II state which activates G protein at a rate from 4000-2 000 000 times greater than (C), the apo-protein, opsin (41, 52) .
correlate with activation state (Fig. 2) . In fact, this loop has some of the highest temperature factors in the ground state structures indicating that it is a mobile element. When compared with the opsin and ground state squid rhodopsin structures and considering biochemical data regarding G protein binding, it is likely that this loop must move in order for transducin (or G aq in case of squid rhodopsin) to couple to the receptor (38) (39) (40) . These structural differences could also explain the large differences in G t activation rate seen between meta II and opsin (41) . There are several benchmarks for attainment of the activated state (meta II) of rhodopsin. One is the spectral shift of the absorbance maxima from 500 nm to 378 nm which is indicative of the deprotonation of the Schiff-base linking the all-transretinylidene to Lys 296 , an event that coincides with proton transfer to the counter ion Glu 113 (42, 43) . The structure of photoactivated rhodopsin, solved at 4.1 Å resolution, has this spectral shift characteristic of the meta II state as well as isomerization of the chromophore from 11-cis to all-trans (15) . A second characteristic involves the breaking of hydrogen bond interactions between the between Arg 135 of the (D ⁄ E)RY motif and Glu 247 . This motif is highly conserved (>66%) in GPCRs and is thought to play an integral role in activation (44) .
The superposition of the ground state rhodopsin (1U19), the (deprotonated Schiff-base) DSB (2I37) and opsin (3CAP) structures reveals that upon activation there is a disruption of the interactions that Arg 135 makes with Glu 247 in the ''ionic lock'' motif. The distance between Arg 135 and Glu 247 changes from 2.7 Å in the ground state receptor to 4.1 Å in the photoactived intermediate and increases to 15.3 Å in the structure of the apo-protein as shown in Fig. 3 . This change in distance in the apo-protein is in part due to the clockwise rotation of helix-VI consistent with previously predicted measurements in the receptor following photoactivation (22, 23) . While the precision of this distance measurement (Table 1) in the DSB structure precludes the unambiguous determination of a disruption of this motif, the fact that the side chains of the interacting residues are disordered and that the distance is 1.4 Å greater than that of the same structure in ground state rhodopsin it is reasonable to conclude that the ionic lock is broken in the DSB structure.
COMPARISONS BETWEEN RHODOPSIN AND OTHER GPCR STRUCTURES
The initial rhodopsin structure and subsequent improvements in resolution have provided a template for the creation of homology models (45, 46) . While GPCRs share many hallmark motifs and structural homologies, their primary sequences are quite divergent (44) . With the publication of the crystal structures of the b 1 -and b 2 -adrenergic receptors it is now possible to both utilize these alternative templates for the creation of homology models as well as to validate the previous rhodopsin-based homology models. Recent homology studies show that in some cases the adrenergic receptor may better serve as a basis for homology model generation (47) . Comparisons of the transmembrane regions of all GPCRs . A large protrusion of the C-III loop is evident in B, C and D and this region has higher temperature factors than the surrounding residues and is disordered in the photoactivated structure (PDB ID:2I37). It is rigidified in the opsin structure by interaction with C-I on a symmetry-related molecule. It is likely that this region must move or become less ordered upon activation in order for G t to interact with and become activated by the receptor. of known structure reveal that although most rhodopsin structures superpose quite well (Table 2) , the squid rhodopsin structure superposes much more poorly on ground state rhodopsin and opsin. Additionally, although they are much closer in sequence, the transmembrane regions of the b 1 -and b 2 -adrenergic receptor structures superpose better onto rhodopsin than they do on one another.
ACTIVATION AND ACTIVATED STATES IN GPCR STRUCTURES
The recent determination of the structures of opsin and the b 1 -and b 2 -adrenergic receptors requires us to critically evaluate the ensembles of these ligand-bound and apo-protein structures (16, 17, 48) . It is unclear whether the b 2 -adrenergic receptor structure is in an active conformation; while partial inverse agonist is bound, the T4 lysozyme which was fused into the C-III loop contributes an Arg that disrupts the (D ⁄ E)RY motif. The T4 lysozyme receptor fusion protein shows an increased affinity for agonist relative to the wild-type demonstrating functional perturbations which may explain structural features such as the disruption of the ionic lock (17, 49) . The opsin structure poorly approximates the activated state of the receptor because opsin is barely capable of activating transducin (G t ). Opsin only activates G t at 4 · 10 3 -2 · 10 6 of the rate exhibited by the meta II state (16, 41, 50) . Obviously, some rearrangement of the transmembrane and ⁄ or cytoplasmic regions must transpire for the activation of G t to occur given the extremely low level of constitutive activity of this receptor. The attribution of a single ''activated state'' to a static crystal structure is probably not appropriate anyhow as most GPCRs exhibit some degree of constitutive activity that blurs the line in between the active and inactive states (18) .
Upon examination of the (D ⁄ E)RY region in the b 1 -and b 2 -adrenergic receptor structures, it is not clear why or if binding of an inverse agonist should break the ionic lock. In the case of the b 2 -adrenergic receptor structures, the T4 lysozyme fusion makes direct contact with the Arg residue, thereby disrupting the ionic lock. The b 1 -adrenergic receptor structure also exhibits a disruption of the ionic lock, however, in this case the inverse agonist, cyanoproindolol, is bound. It is unclear as to why a compound that reduces the basal activity of a receptor should disrupt this region, a region shown to be important for maintaining the receptor in an inactive state (51) . Progress in determining the atomic structures of the adrenergic receptors is remarkable, but these are structures of heterologously expressed mutant receptors which exhibit ligand-binding affinities that differ from that of wild-type receptor. Furthermore, ligand binding is necessary but not sufficient for attainment of the active state. The most appropriate measure for determining if a GPCR is in its active state is G protein activation rather than ligand binding.
CONCLUSION
Phototransduction serves as a model system for a multitude of G protein-mediated signal transduction pathways initiated by GPCR activation. Thus, a more rigorous understanding of this process will have broad application to other signal transduction cascades. In the last decade, the progress in understanding how rhodopsin signals utilizing high-resolution structural methods has placed a huge volume of GPCR biochemistry within a structural framework. Further structural work on complexes of the individual components will be required to gain a more comprehensive understanding of phototransduction and the activated state as well as other GPCR signaling processes. The questions as to the active conformation of a GPCR will ultimately have to be answered by solving the crystal structure of an activated GPCR in complex with its cognate G protein.
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